Finite-volume predictions are presented for the convective heat transfer rates in a rotating cavity, formed by two corotating plane discs and a peripheral shroud, and subjected to a radial outflow of cooling air. The heating of the discs is asymmetric, the air entering the cavity through a central hole in the cooler (upstream) disc. The predicted Nusselt number distributions for each disc are compared with unpublished data from the University of Sussex for dimensionless mass-flow rates in the range 2800 5_ CH, 14000 and rotational Reynolds numbers, Re g , up to 5.2 x 106 . A single-grid elliptic procedure was used with turbulent transport represented via a low Reynolds number k-e model and the turbulence Prandtl number concept. In comparing the predicted and measured convective heat fluxes, it is important to consider the radiative heat exchange between the discs. This is estimated using a conventional view-factor approach based on black-body emission.
x 106
. A single-grid elliptic procedure was used with turbulent transport represented via a low Reynolds number k-e model and the turbulence Prandtl number concept. In comparing the predicted and measured convective heat fluxes, it is important to consider the radiative heat exchange between the discs. This is estimated using a conventional view-factor approach based on black-body emission.
Under conditions of asymmetric heating, rotationallyinduced buoyancy forces can exert significant effect on the flow structure, the induced motion tending to oppose that imposed by the radial outflow. Indeed, flow visualisation studies have revealed that, as the rotational Reynolds number is increased ( for a fixed value of C,), the flow in the source region initially becomes oscillatory in nature, leading eventually to the onset of chaotic flow in which the usual Ekman layer structure does not persist in all angular planes. The extent to which the effects of such flow behaviour can be captured by the steady, axisymmetric calculation approach used here is questionable, but it is found that the turbulence model ( used previously for the prediction of heat transfer in symmetrically-heated cavities) still leads to good (±10%) predictive accuracy for the heated ( downstream ) disc. However, the predicted Nusselt numbers for the cooler ( upstream ) disc generally show little accord with experimental data, often signifying heat flow into the disc instead of vice-versa. It is concluded that the modelling of the turbulent heat transport across the core region of the flow is erroneous, especially at high rotational Reynolds numbers: this is attributed to overestimated turbulence energy production in that region due to the action of the radial-circumferential component of shear stress (Crw -). Adoption of an algebraic-stress model for this shear stress is partly successful in removing the discrepancies between prediction and experiment. 
INTRODUCTION
The continual improvements in gas-turbine engine performance brought about by increased operating temperatures are largely due to advances in materials technology and the extensive use of internal cooling systems. Internal cooling is obtained by extracting air from the compressor in order to maintain the temperatures of the turbine blades and discs within safe working limits. Knowledge of the flow around such rotating components and the associated heat transfer processes which occur is essential to the design process, where the material stresses and likely fatigue behaviour have to be estimated. Such knowledge can be obtained either directly from experiment or, as is becoming increasingly common, by the use of computational fluid dynamics. In the latter context, idealised geometries are envisaged as being able to provide information of relevance to the more complex geometries of real engine configurations. One such example is the annular rotating cavity formed by two parallel plane discs and subjected to a radial outflow of cooling air. This configuration models the wheelspace between adjacent co-rotating turbine discs, where the discs are heated by windage and, more significantly, by conduction from the hot turbine blades. The ultimate objective of the exercise can be seen as optimisation of the amount of cooling air required for safe operation.
The isothermal flow structure in rotating-cavity geometries has been extensively studied by Owen et al. (1985) using flow visualisation techniques and laser-doppler anemometry. Influential parameters are the rotational Reynolds number, Re a (=cob 2 /v), the dimensionless massflow rate, C, ( = 61/0), and, to a lesser extent, the disc gap ratio, G (=s/b). The flow structure for an axial inlet generally comprises four distinct regions: (i) a source region where entrainment into the disc boundary layers occurs, and which is characterised by streamline divergence as the jet is deflected by the downstream disc, creating a recirculating toroidal vortex adjacent to the upstream disc,
(ii) thin boundary layers on the discs, which become nonentraining (Ekman) layers beyond the source region, (iii) an inviscid interior core of rotating fluid between the Ekman layers, and (iv) a sink layer on the rotating peripheral shroud, through which fluid leaves the cavity. The relative sizes of the individual flow regions vary in a systematic way with both Re e and C. In particular, the Ekman layer thickness and the radial extent of the source region increase with increasing Cw and decrease with increasing Ree. The observed behaviour appears to have been reproduced with good quantitative accuracy by CFD predictions ( e.g., Chew (1985) , lacovides and Theofanopoulos (1991), Morse (1991a) ). The flow structure for symmetrically-heated cavities and indeed for the case of asymmetric heating, under conditions for which rotationally-induced buoyancy forces are unimportant, is similar to that for isothermal flow at the same values of Re e and C w, although slight variation in the relative sizes of the four flow regions can be expected.
Extensive experimental data for convective heat transfer in symmetrically-heated rotating cavities were published by Northrop and Owen (1988b) for dimensionless flow rates in the (nominal) range 1400 5. C w 5 14000 and rotational
Reynolds numbers up to 3.7 x 106 . The temperature distributions on the discs were closely similar, be they sensibly constant (as for steady-state operation of a turbine), or radially increasing (as during the acceleration of aircraft take-off) or radially decreasing (as for the deceleration of landing). The heat transfer data were presented in terms of Nusselt numbers based on the local disc-to-inlet air temperature difference, the surface heat transfer rates being obtained from thermopile heat fluxmeters installed at four radial locations, supported by a solution of Laplace's conduction equation within the discs. For the case of symmetric heating, rotationally-induced buoyancy forces exert negligible effect on the flow structure, consideration of heat transport in the core region of the flow is unimportant, and radiative heat interchange between the discs is also of little consequence in comparison to the convective heat fluxes.
Prediction of Northrop and Owen's data formed an object study by Morse and Ong (1992) in which a low Reynolds number k-e model was used to estimate turbulent momentum fluxes and the turbulence Prandtl number concept to obtain the corresponding heat fluxes. Morse and Ong validated the model for the heat transfer from a free disc and examined its performance for the rotating cavity over the whole parameter range for which data were available. The predictive accuracy was generally better for the downstream disc, which has the more well-defined flow structure, and tended to improve with increasing Ree.
Global accuracy for the local Nusselt numbers for both discs was estimated to be ±10%, although there were wider excursions (i) at low C w and above a critical value of Ree, where accuracy deteriorated abruptly, possibly as a result of fluid ingress through the shroud and/or flow instability in the experiments, and (ii) at high C w and low values of Ree, where the pronounced wall-jet behaviour on the downstream disc and its effect on the size of the vortex in the source region did not seem to be fully accounted for in the turbulence model. At intermediate conditions, roughly 50% of the predicted Nusselt numbers were, remarkably, within ±2% of the experimental values.
The flow and heat transfer in asymmetrically-heated cavities with radial outflow were investigated by Owen and Onur (1983) and Long and Owen (1986) . There are further data available in Long (1984) , Northrop (1984) and unpublished work by Firouzian at the University of Sussex. Corroborating evidence on the flow structure, obtained from flow visualisation studies, is contained in Pincombe (1983) . In these experiments, the downstream disc was heated to a temperature typically 80°C above ambient, giving a value of the buoyancy parameter f3AT (where AT is the disc-to-fluid inlet temperature difference and (3 the volumetric expansion coefficient ) of approximately 0.27. Cooling air entered the cavity through a central hole in the upstream disc. Although not heated directly, this disc received heat by radiation and by conduction across the outer shroud.
Owen and Onur identified four regimes for the heat transfer processes which occur -(i) at low values of Re e and high values of C w, the mean Nusselt number for the heated disc was found to be governed by the wall jet mechanism and largely independent of the rotational speed, (ii) at higher values of Ree, corresponding to the occurrence of Ekman layer flow on the discs, the Nusselt number was dependent on both Ree and Cw, (iii) the onset of oscillatory flow, with a frequency of approximately 70% of the cavity rotation, in the source region at a certain critical speed, and (iv) the subsequent breakdoWn of the flow into a chaotic structure, when, it was believed, free convection effects due to rotationally-induced buoyancy dominated the flow and heat transfer processes. In this chaotic regime, it appeared that the flow structure broke down into cells where alternate Ekman layer and non-Ekman layer flow prevailed.
Both Owen and Onur and also Pincombe presented evidence suggesting that the onset of the oscillatory and chaotic modes of behaviour depends on the temperature difference between the heated disc and the inlet air. The former correlated their results in terms of the parameter Gr1 /2/Cw, a value of about 180 signalling the beginning of oscillatory flow and 330 the beginning of chaotic flow. (Gr denotes the rotational Grashof number, which may be written as pATRee2, where AT was taken as the maximum temperature difference between the heated disc and inlet air). Pincombe's visualisation studies indicated a strong dependence of the two modes of unsteady flow behaviour on the size of the discrete holes in the shroud. The associated phenomenon of fluid ingress was also observed, where at sufficiently high rotational speeds, the pressure in the cavity became sub-atmospheric and fluid was drawn into the cavity through the holes in the shroud. This occurred despite the fact that the net flow remained radially outwards. Pincombe concluded that his results 'support the belief that the chaotic regime results from a combination of destabilisation of the Ekman layer flow structure by buoyancy effects and by ingress through the shroud, which is affected by the size of the holes in the shroud'. Fig. 1 shows computed streamlines for three test cases examined in the present work where the heating of the discs is asymmetric with fieNT-0.27. These results were obtained for values of the mass-flow rate parameter, C w = 2800, using the modified version of the k-E model as detailed in Section 2.2. At low values of Re e (Fig.la) , the inlet flow impinges directly onto the downstream disc forming a wall jet which flows radially outwards to such an extent that Ekman layer flow, if it truly occurs, is confined to the outer part of the cavity. In the figure, the stream function, xir, has been normalised with the total flow rate to give values of 0 on the upstream disc and 100 on the downstream disc and at the axis of symmetry. The large toroidal vortex in the source region is predicted to recirculate almost half of the superimposed flow. For the conditions of Fig. la , Gr 112/C w -23, and the influence of buoyancy is minimal. Consequently, the flow structure is essentially the same as for isothermal or for symmetricheating conditions. A ten-fold increase in the rotational Reynolds number (Fig. lb) brings about a dramatic reduction in the size and strength of the source vortex with a corresponding increase in the rate of entrainment of fluid into the boundary layer on the upstream disc. The predicted flow structure now exhibits a definite effect of rotationally-induced buoyancy forces, seen here as the formation of a weak 'axial wind'. This transfers fluid from the hotter (downstream) disc to the cooler (upstream) disc, across the core region of the flow. Note that at large radii, the streamline representing 57.5% of the total mass flow rate is associated with the upstream side of the cavity. For Ree = 3.68 x 106 (Fig.1 c) , where Gr 112/Cw = 680, most of the axial flow does not impinge on the downstream disc, but is entrained directly into the boundary layer on the upstream disc and non-entraining Ekman layers form at a lower radius than the previous two figures. At high radii, as much as 65% of the flow is predicted to leave the cavity from the upstream-disc side. Comparison with the streamline patterns obtained by Morse and Ong (1992) , for conditions of symmetric heating, shows that it is only beyond the source region that the effects of rotationallyinduced buoyancy forces become apparent. This point can be more readily appreciated by reference to the sealed cavity predictions which will be discussed in Section 3.1.
The three-dimensional and unsteady nature of the flow likely to prevail under real engine conditions ( where Gr112/Cw is large ) obviously presents limitations on the predictive accuracy of the two-dimensional, steady-flow approach used here. However, there are clearly distinct advantages in the computational economy of this approach should it produce values of disc heat fluxes which are acceptable for engineering design purposes. The predictions also provide a standard against which the degree of improvement obtained by more sophisticated procedures can be assessed.
NUMERICAL AND TURBULENCE MODELLING
The computational procedure is based on a single-grid elliptic solver with the assumption that the flow is steady and axisymmetric. Natural convection due to gravitational buoyancy and the role of density fluctuations in the turbulence equations are ignored since the work of Morse and Ong (1992) for symmetrically-heated cavities confirmed the belief that these effects are of minor importance. Orthogonal meshes of 65 x 78 and 75 x 92 (axial-radial) nodes were employed, the latter being more appropriate for flows at high rotational Reynolds numbers where the disc and shroud boundary layers can become exceedingly thin. The axial node distribution was based on a geometric expansion with the nodes a mirror image of each other about the mid-axial plane. The radial grid was generally adaptable to suit the flow conditions being studied. For all the test cases considered, the closest offwall node spacing for both the discs and the shroud was maintained at y+ < 0.5 (r-= yUtly, where y denotes the normal distance from the wall and U, is the 'friction velocity' corresponding to the resultant wall shear stress). The wall fluxes were calculated using a second-order accurate forward or backward gradient as appropriate.
Transport Equations and Discretisation Schemes
Coupled transport equations are solved for the three components of momentum, the stagnation enthalpy and the turbulence quantities k and E ( respectively the kinetic energy and kinematic dissipation rate ).
By analogy with the stress-strain relationship for laminar flow, viz.
the constitutive relationship for the turbulent Reynolds stresses appearing in the time-averaged momentum equations is written as -pu juj = -2/38iipk +11-r ( au + wax; -2/38iiv.y ), (2) where p,T is a 'turbulent viscosity and V.V denotes the divergence of the velocity vector. Similarly, turbulent heat fluxes are assumed to be proportional to the local enthalpy gradient, the turbulent diffusivity of heat being obtained from 1.1T via the 'turbulence Prandtl number' concept. These assumptions enable the equations for the axial and radial momentum and stagnation enthalpy, together with the modelled forms of the k and E equations to be written in the common form a/az ( pUaqilaz )
where denotes the generalised transport variable, 1-0 , and r r are the effective (=laminar + turbulent) diffusivities for the axial and radial directions respectively, and S o indicates the net source term for each variable. The full set of transport equations within this format is listed in Table 1 .
-a/ar(p.+2/3pk) + pW' 2/r + 2pW'cco
CO EPik -co pE2/k + E -F where E = 2 MiTip { (a2 waz 2)2 + (a2 wfaz 2)2 + (a 2 war 2)2 + (a2 wa r 2)2 } F = 2p1 (age iaz)2 + a(VE /ar)2] Table 1 Forms of Transport Equations
Note that the axial and radial momentum equations are solved in a form using gradients of a reduced pressure based on solid-body rotation of the fluid at a fraction, c, of the rotational speed of the cavity and a reference density p b . In the radial momentum equation, W (= w -cor) represents the tangential velocity of the fluid relative to that of the discs at the same radius. This treatment ( with c = 1) results in much reduced values of the radial pressure gradient and the 'centrifugal force' terms when the fluid is in a state close to solid-body rotation (as for the case of a sealed cavity). Otherwise, the small imbalance between these two (large) terms results in slow and unsteady convergence of the iterative procedure.
The tangential momentum equation used is formally an equation for the angular (moment of ) momentum, rW, so chosen because of the absence of any source term, a formulation which allows better satisfaction of the torqueangular momentum relationship on a global basis. However, in order to avoid complications near a symmetry axis, the equation is best solved as one for the angular velocity, W/r. This then takes the non-standard form afaz pU -I-Leff a(131az
In order to be comparable with the discretisation algorithm employed for the other transport equations, this procedure necessitates multiplication of the convection and diffusion coefficients by an appropriate radius squared, and also the inclusion of a source term to satisfy mass-continuity. The turbulent transport coefficient for radial diffusion, G ory, is assigned values according to the form of the turbulence model used ( see Section 2.2 and Table 2 
Constants and Functions in Transport Equations
As alternatives to the rather arbitrary hybrid differencing scheme of Patankar (1980) , the QUICK scheme of Leonard (1979) and the linear upwind-differencing scheme advocated by Castro and Jones (1987) were employed for discretisation of the convection terms. Both schemes have a higher formal order of accuracy than hybrid differencing and were coded so as to take fully into account the nonuniformity of the grid-node spacing. Linear upwinddifferencing proved, if anything, to be more stable than the hybrid scheme although the Cpu time requirement per iteration is approximately 20% greater. The QUICK scheme gave some convergence problems in the equations for the turbulence quantities, for transitional flows, where the values of k and c can change by an order of magnitude between adjacent grid nodes. These difficulties were circumvented by using linear upwind differencing for the turbulence equations. At high values of Re e and Cw, the solution algorithm proved to be sufficiently robust for converged solutions to be obtained using QUICK ( albeit with the necessity to begin the iterative process with one of the simpler schemes and an increased Cpu time requirement, relative to upwind-differencing, of the order of 40% ). On the fine meshes employed, differences in local Nusselt numbers using QUICK and linear upwinddifferencing were seldom greater than ±1%. Using the hybrid scheme with these meshes typically resulted in the peak values ( which occur close to the edge of the source region ) being about 5% lower.
Turbulence modelling
A low Reynolds number k-c model represents the turbulent viscosity in Equation (2) by the expression
where f is a function which essentially accounts for the preferential damping of the normal velocity fluctuations close to the wall. A correlation of f µ in terms of y+ has been found previously (Morse (1991a (Morse ( , 1991b ) to give better predictive performance for flows in rotating disc geometries than correlations using the alternative Reynolds numbers R1 (=yk1 /2/v) and RT (=k 2 /Ev). These latter, it can be noted, often result in a tendency of the flow to laminarise under conditions which are known from experiment to produce turbulent flow. Here, as in the work of Morse and Ong (1992) , fp is expressed as
where A+ is assigned a value of 24.5 on the basis of computer optimisation for equilibrium flows such as pipe flow and the flat-plate boundary layer. For flows in strongly favourable or adverse pressure gradients, the present form of the model appears to fare no better, though certainly no worse, than other proposed forms of low Reynolds number k-c models (see e.g. Rodi (1990) ). Values of the model constants employed in this work are identical to those used by Morse and Ong (1992) and are listed in Table 2 .
It is well known that Equation (2) provides a completely inadequate prescription for the normal stresses ( i = j ) in many flow situations, particularly fully-developed pipe flow, where the normal stresses are predicted to be equal (to 2/3k) -in contrast to the marked anisotropy indicated by experiment. However, what is not so widely recognised is that, for swirling flows in general, the formulation does not hold at all well for the shear stress governing turbulent transport of angular momentum in the streamwise direction (Morse (1980) ). Examination of the full Reynolds stress transport equations suggests that, for the present class of flows, use of an isotropic viscosity hypothesis leads to an underestimate ( of at least an order of magnitude ) for the stress CAT/ near the discs. A similar error occurs for the shear stress u7v in the sink layer on the shroud. The resultant ill-effects are however likely to be small, since it is the action of a which dominates ( both in the tangential momentum equation and its rate of production of turbulence energy) near the discs, and Wv, for the same reasons, near the shroud. Although Equation (2) probably represents the shear stress uv fairly well in both the disc and shroud boundary layers, it appears fortuitous that individual components of the Reynolds stress tensor are badly predicted only in regions of flow where they are unimportant !
The present predictions for asymmetrically-heated rotating cavities soon revealed that the turbulence model seriously overestimated the turbulent transport of heat across the core region of the flow between the Ekman layers. In this region, the only significant component of velocity is in the tangential direction and the only significant velocity gradients are the radial derivatives W/r and aWiar. This led to questioning of the veracity of the isotropic viscosity formulation for the shear stress v7v, as this produces turbulent kinetic energy by its action against these gradients. Using the algebraic-stress modelling approach of Rodi (1972) to reduce the formal transport equation for v -v-v in the core region results in
where P/c denotes the local production/dissipation ratio and c1 and c2 are pressure-scrambling constants associated with the return to isotropy of the Reynolds stress tensor and its production term ( the 'rapid part') respectively. The coefficient 4 is dependent on whether production-like terms which appear in the transformation of the convection terms from Cartesian to cylindrical-polar coordinates are included (4 = 1) or are not included (4 = 0) in the modelling of the rapid part of the redistribution term.
Interpreting the first term on the right-hand side of Equation (6) as the conventional 'turbulent viscosity' formulation, the magnitudes of Ch7v in the core flow can be seen to be affected by the second term, which is proportional to the difference between the normal stresses v2 and w2 . When similar algebraic-stress modelling is applied to the transport equations for these stresses, the final result becomes expressible as -pvw = a-rr aThr (W/r)
vw where
In Equation (8), adopts the role of a turbulent transport coefficient for '7w -which acts to reduce the values of this -shear stress in the core region of the flow. It should be noted that the modification is based on high turbulence Reynolds number modelling of the transport equation, but can still be used throughout the flow field as its effects in the disc and shroud boundary layers are indeed minimal. Zafiropoulos (1992) has presented predictions based on the Reynolds stress closure of Launder et al. (1975) , where c1 = 1.5 and c2 = 0.6 ( in this case, it is necessary to take = 1 in order to obtain the correct shear stress levels in swirling flows). In the work presented here, the approach of Gibson and Younis (1986) is adopted, with c1 = 3.0, respectively. Equation (9b), based on the model constants of Gibson and Younis, gives the larger modification and performs better for high rotational Reynolds numbersEquation (9a) gives slightly better results for low values of Ree.
Computational Procedure
The staggered-grid approach of Patankar (1980) was used, the pressure corrections required to satisfy masscontinuity and to update the pressure field being obtained from the SIMPLEC algorithm of Van Doormal and Raithby (1984) in conjunction with a block-correction procedure. Use of the latter is particularly effective in preventing instability in the early stages of the computation. The solution takes fully into account the effects of compressibility, buoyancy, fluid property variation and frictional heating. Values for the fluid enthalpy ( = jCp dT), constant-pressure specific heat, thermal conductivity and viscosity were obtained from curve-fitted functions which are accurate to within ± 0.5% for temperatures up to 1000°C. The density was determined from the ideal gas law.
The attainment of convergence was assessed by the two usual criteria based on the aggregate residuals and r.m.s. changes for each of the dependent variables, where the respective tolerances were set at 10-6 and 10-6 . Additionally, and overriding these criteria, was the requirement that the solutions provided global satisfaction of the torque-angular momentum relationship ( that the net torque exerted on the fluid at the boundaries equals the change in angular-momentum flow rate through the cavity ) and the first law of thermodynamics ( that the difference between the boundary heat and work transfer rates, the usual thermodynamic sign convention applying, equals the corresponding change in the flux of stagnation enthalpy). The tolerance here was set at 10 -3 of the largest term in each balance. This proved a strict criterion, considered necessary on account of the importance of the wall fluxes as the objective of the exercise.
Although the boundary conditions of the flow at entry to the cavity are not well-documented for engineering calculation purposes, the predicted quantities of interest are largely insensitive to the precise conditions imposed, with the possible exception of the inlet swirl fraction. A 1/7th powerlaw axial velocity profile was chosen, together with a turbulence intensity of 1% and a value of RT = 150 to determine the dissipation rate. Although some streamline divergence might be expected before the inlet plane, no material difference resulted from equating the inlet radial velocity component to zero. As in Morse and Ong (1992) , an inlet swirl fraction which varied linearly from zero at the symmetry axis to unity at the pipe radius was employed. Radial temperature profiles on the discs were obtained from smoothed variations of the raw experimental data. As the first measurement location was at x = 0.323, the disc temperatures at the lower radii were assumed to vary linearly between this value and the inlet air temperature at r = a on the upstream disc and r = 0 on the downstream disc. The outer shroud was assumed adiabatic and the series of discrete holes, through which the flow left the cavity, was modelled as a uniform gap of equivalent area.
Cpu times for converged solutions were typically 2 to 4 h (500 to 1000 iterations) on a Solbourne S4000 workstation. The use of scaling laws, to transfer a starting solution from one flow condition to another, was helpful in promoting faster convergence than would have been obtained if starting the second solution afresh.
Radiation Estimation
The radiative heat interchange between the discs was estimated by considering the cavity to be an enclosure comprising 15 annular segments on each disc and one cylindrical segment on the shroud. Each of these segments was considered to be of constant surface temperature, Ts. The materials of the inner surfaces of the discs and shroud have emissivities sufficiently close to unity that black body radiation may be assumed. For a total of N surfaces ( i.e., N -1 annular surfaces on the two discs and one for the shroud), the radiative heat flux at surface j, q Rj, was obtained by considering that from the other ( k = 1, 2 .. N ) surfaces:
where a is the Stefan -Boltzmann constant and Fjk is the view factor (the fraction of thermal radiation emitted from surface j which falls on surface k). The tabulated correlations of Howell (1982) for concentric annuli were used to obtain values of F jk. The view factors for the shroud can be obtained through the summation rule -the sum of all the disc segment view factors is subtracted from unity. For r > a ( the cavity inlet radius), ; was taken as the time-smoothed disc surface temperature and, for r < a, the air inlet temperature was used. The surface temperature of the shroud was not measured and so was assumed to be the temperature of the air at exit from the cavity (This quantity was estimated from an energy balance using disc heat fluxes from the conduction solution.). With hindsight, the temperature variation across the shroud could have been better estimated using the converged results from the computational procedure, which assumed the shroud to be adiabatic. Radiative heat fluxes were subtracted from the measured values to obtain the fluxes due to convection.
NUMERICAL RESULTS
Comparison is drawn with unpublished data obtained from the Mark 2 rotating-cavity rig at the University of Sussex. The outer radius of the cavity is 428mm, the disc spacing 59mm ( giving a gap ratio, G, of 0.138) and the inner-to-,outer radius ratio (a/b), 0.104. The series of 32 holes of 9mm diameter in the centre of the peripheral shroud corresponds to a uniform gap of width 0.75mm.
The local Nusselt numbers for the rotating cavity with superimposed radial outflow are defined as
where subscript s refers to the disc surface and subscript I to the fluid inlet. A positive Nusselt number indicates heat flow from the disc to the surrounding fluid and vice-versa. Experimental values were obtained from thermopile heat fluxmeters located at x = 0.417, 0.606, 0.751 and 0.978 on the upstream disc and 0.419, 0.611, 0.756 and 0.983 on the downstream disc -unfortunately, in some of the tests, the outermost fluxmeter on both discs was non-operational. The mean Nusselt number for each disc is determined from the expression b Nu = 2b J rq sdr /(b 2 -rig) k1 LTav (12) r i 8 where ri denotes the inner radius of the discs and AT" is a radially-weighted temperature difference between the disc surface and the inlet air. For the idealised sealed-cavity predictions of Section 3.1, where uniform disc temperatures are assumed, the corresponding definitions become Nu = ± q s r / ITh -Tc l,
and NTu =± 2 f rq sdr kc ITh -
where subscripts h and c refer to the hot and cold discs respectively.
(a) (b) 3.1 Buoyancy-Driven Flow in a Sealed Cavity A basic understanding of rotationally-induced buoyancy effects can be gained from the flow behaviour in an asymmetrically-heated sealed cavity. Figs 2a and 2b show computed streamlines for a cavity with a gap ratio of 0.138 in which the right-hand disc is heated to a uniform temperature of 100°C -the left hand disc is maintained at 20°C, giving a value of j36,T, based on the cold disc temperature, of 0.273. The radial pressure gradient is insufficiently large to provide the centripetal acceleration necessary to maintain the denser fluid near the cold disc in solid-body rotation -hence, this fluid spirals outwards. Similarly, the less dense fluid near the hot disc spirals inwards, so that a recirculating toroidal vortex is established. The angular velocity of the fluid (relative to the cavity) is sheared from a positive value adjacent to the hot disc to a negative value near the cold disc. The hot disc thus experiences a forwarding frictional torque which is balanced by the retarding torques on the cold disc and the shroud. Fig. 2a shows the streamlines in the r-z plane for a rotational Reynolds number (based on fluid properties evaluated at the cold-disc temperature ) of 105 , where the flow is predicted to be laminar throughout the cavity. The centre of rotation of the vortex system is then close to the corner between the heated disc and the peripheral shroud. Fig. 2b shows corresponding predictions for Reg = 106 , where the flow is apparently turbulent (at least at high radii). Note the significant reduction in the thickness of the disc boundary layers and the predicted shift of the centre of rotation of the vortex to a position close to the surface of the cold disc. The stream-function values indicated denote mass flow rates non-dimensionalised with the product 1.1.b (where II is the viscosity evaluated at the cold-disc temperature). It can be seen that the induced flow is largely confined to the outer parts of the cavity. Predictions were also obtained with Th= 260°C, 1-0 = 20°C ((30T = 0.819) for rotational Reynolds numbers up to 6 x 10 6 ( Gr = 2.95 x 10 13 ). For Gr 3 x 10 11 , which appears to indicate fullyturbulent flow, the magnitude of the induced mass flow was found to be correlated, to within ± 2%, by In a sealed cavity, frictional windage is negligible. The assumption that the shroud is adiabatic therefore brings about equality of the mean Nusselt numbers for the two discs ( though these are, of course, of opposite sign). The correlations obtained for laminar flow ( Gr 10 10 ) and for turbulent flow (Gr 3 x 10 11 ) were respectively Nu = ± 0.072 Grim (Th /Tc) 213 , ----___ net cony. rad.
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each being satisfied to within ± 0.5%. The exponents of the Grashof number are identical to those used in conventional engineering correlations for natural convection from heated flat plates. Over the transitional range (10 1° Gr 3 x10 11 ), the exponent increases gradually from 1/4 to 1/3. The term involving the disc temperature ratio in Equations (15) and (16) accounts for fluid property variation since Gr is evaluated at the cold-disc temperature.
The imposition of a radial outflow will be opposed by the radially-inward buoyancy-induced flow on the heated disc, giving rise to a potential source of flow instability at high values of the ratio Gr1 /2/Cw. Indeed, Pincombe (1983) provides some evidence that radial inflow occurs on the heated disc during the so-called chaotic flow regime. However, given the extent of the induced flow rates for the sealed cavity ( see Equation (15)), only a low value of C w is required to cancel out this effect and promote radial outflow over the whole of the heated disc. On the basis of a limited number of exploratory tests, it would seem that the (predicted) critical value of Gr 1 /2/Cw at which radial inflow is suppressed is approximately 1500, although some convergence difficulties have been experienced with the computational procedure for conditions where simultaneous outflow and inflow occur. (This might suggest that, in practice, the flow would become three-dimensional and/or unsteady. ) For Gr1 /2/Cw < 1500, radial inflow does not occur immediately adjacent to the heated disc, but, as illustrated in Figs. 1b and 1c , the flow in the outer part of the boundary layer is reversed to form an 'axial wind' which transports fluid across the core of the flow to the boundary layer on the cooler (upstream) disc.
Asymmetrically-Heated Cavity with Radial Outflow
Predictions are presented for nominal values of the massflow rate parameter, Cw, of 2800, 7000 and 14000. These have utilised the basic form of the k-E. model (Model 1) and the modified version (Model 2). This latter model uses Equation (9b) to reduce turbulent heat transport across the core region of the flow. Predicted Nusselt number distributions for the discs are labelled ul ( upstream disc, Model 1), d2 (downstream disc, Model 2), etc.
The relative importance of convection and radiation for varying flow conditions is illustrated in Fig.3 . It can be seen that radiation is much more significant in the case of the upstream disc. At low values of Cw (Fig. 3a) , the net heat flux is close to zero, so that convection and radiation are approximately in balance. For large values of C w ( Fig. 3b) , convection outweighs radiation, but the corresponding Nusselt numbers are both numerically large in comparison to that based on the net (convective + radiative) heat flux. For the downstream disc, convection and radiation are of the same sign ( indicating heat transfer from the disc), the contribution of radiation to the total heat flux varying frpm approximately 21% for the conditions of Fig. 3a to 6% for those of Fig. 3b .
FI0.3 Comparison of Local Convective and Radiative
Nusselt Numbers: (a) Re e = 3.28x10 C w = 2800, Fig. 4 shows the predicted Nusselt number distributions for Cw = 2800 and 1.25x10 5 Ree _ 3.68 x 106 . As can be seen from Figs. 4a and 4b, the modification to the model makes very little difference for either disc at low rotational Reynolds numbers, where the wall-jet effect on the downstream disc is dominant and the source region fills the entire cavity (see also Fig. 1 a) . Under these conditions, Ekman layers do not form on the discs and there is no interior core. Agreement with measurement is here good for the upstream disc, but the Nusselt numbers for the downstream disc are slightly underpredicted. As Re e is increased (Figs. 4c, 4d and 4e) , the radial extent of the source region is reduced, leading to the formation of Ekman layers and the interior core. Model 2 now gives a marked improvement for the upstream disc, where the predicted Nusselt numbers begin to fall away sharply in the absence of the modification, becoming negative in the outer part of the cavity at Ree = 1.30 x 106 . Negative values of the Nusselt number indicate clearly that there is excessive turbulent heat transport across the core flow, • upstream disc, 0 downstream disc since frictional heating is not significant at this rotational speed. The improvement in the predictions for the upstream disc brought about by using Model 2 is reflected in a similar improvement for the downstream disc, where the Nusselt numbers are otherwise overpredicted. Note that the corresponding changes resulting from the modification are approximately four times greater for the upstream disc due to the lower temperature difference AT (disc-to-inlet) used in the definition of Nu ( Equation (11)). The effect of Model 2 is to bring the Nusselt numbers for the two discs closer together, in good quantitative agreement with the experimental data.
At Ree = 2.55 x 106 (Fig. 4f) , there is a loss of predictive accuracy for the downstream disc, Model 1 giving an overprediction of the Nusselt numbers in the outer part of the cavity and Model 2 an underprediction. The disagreement between prediction and experiment is even more apparent at Re e = 3.13 x 106 (Fig. 4g) , although there is a slight improvement at Ree = 3.68 x 106 (Fig. 4h) . It can be remarked that an abrupt departure from accurate prediction also occurred for symmetric heating at Ree = 3.13 x 106 (Morse and Ong (1992)), although there was then a similar loss of accuracy for the upstream disc.
The current predictions do not show this and are in fact in good accord with the experimental data up to the highest rotational Reynolds number (at least at the last three fluxmeter locations). At the first location, there is a significant overestimate of Nu, which first becomes apparent at Re e = 1.30 x 106 . The extent of the overprediction increases from 48% at Re e = 1.30 x 106 to 70% at Ree = 3.13 x 106 , before falling to 35% at Ree = 3.68 x 106 . At this first fluxmeter location, Model 1 generally gives the better prediction for the upstream disc, but Model 2 fares better for the downstream disc. Note that, with the increasing importance of frictional heating at high rotational speeds, both the experimental data and the predictions from Model 2 indicate negative values of the Nusselt number for the upstream disc for Re e 1.86 x 106 .
For the downstream disc, a small region of heat inflow to the disc is predicted to occur near the shroud for Ree 2.55 x 106 .
Corresponding results for Cw = 14000 and 1.20 x 10 5 Ree 4.52 x 106 are shown in Fig.5 . These follow the same trends as for those at the lower flow rate, but since the source region is now larger, the relative effects become apparent at higher values of Re e. There is little difference between the predictions for Models 1 and 2 for Ree 1.24 x 10 6 (Figs 5a, 5b, 5c ), where accuracy is good for the downstream disc but the predicted Nusselt numbers for the upstream disc bear no resemblance to the experimental values. There is the possibility of significant experimental errors here, associated with the low level of heat transfer ( the temperature of the upstream disc, at the four fluxmeter locations, varies from only 2°C to 10°C above ambient for Ree = 5.99 x 105 ). However, the convective fluxes have to be significant in order to balance the radiative fluxes. The predictions for the upstream disc fall more closely into line with the experimental data at Ree = 1.88 x 106 , 2.45 x 106 and 2.50 x 106 (Figs 5d 5e and 5f respectively). Beginning at Ree = 2.50 x 106 , Model 2 gives an improvement in the predictions for the upstream disc at fluxmeter locations 3 and 4, but generally a slight overestimate of the experimental values at locations 1 and 2. In contrast, the values are overpredicted at Ree = 4.52 x 106 (Fig. 5i ), but this still represents an improvement over the results obtained using Model 1 (where heat is predicted to flow into the disc for x > 0.66). Predictive accuracy for the downstream disc is generally good, although at the higher values of Ree ( Figs 5g,5h, 5i) , there is some overestimate of the experimental data at fluxmeter locations 2 and 3 with both variants of the model. Table 3 summarises the errors in the aggregate heat fluxes predicted at the four fluxmeter locations. In calculating the errors, a subjective, but unbiased approach has been used in that the fluxmeters at location 4 were given only half weighting in the summation. This policy was adopted since these fluxmeters were non-operational for some of the tests, the heat fluxes so close to the shroud are not really representative of those from the discs as a whole, and yet differences between the Model 1 and Model 2 predictions are most apparent at large radii. Values of the mean Nusselt number Nu, as defined by Equation (12), are also given for both discs using the results from Model 2.
For C w = 2800, there is clearly some improvement obtained for the upstream disc. Although significant errors remain with Model 2, these are mostly due to the overestimation of the Nusselt number at fluxmeter location Fig. 4g ). For Cw = 14000, differences between the two models are less pronounced, but there is an improvement for the upstream disc at high rotational Reynolds numbers, and a slight, but definite improvement for the downstream disc throughout the rotational Reynolds number range. These results were obtained using Model 2 only. Again, accuracy is better for the downstream disc, as reflected in both the diagrams and the errors in aggregate heat flux listed in Table 3 . Also, the value of the Nusselt number at the first fluxmeter location on the upstream disc is seriously overestimated for Ree 1.29 x 106 , the error increasing with rotational Reynolds number. In contrast to the situation for Cw = 2800 (see Fig.4 ), this overestimate also spreads to the second fluxmeter location, although there is some recovery in accuracy at the two highest values of Re e (Figs.
6i and 6j). Predictive accuracy for the downstream disc is clearly good for the entire range of rotational Reynolds numbers at this flow rate -the peak values of local Nusselt number generally being about 5% lower than the measurements. • upstream disc, 0 downstream disc 14 4. DISCUSSION Prediction of the convective heat transfer in asymmetrically-heated rotating cavities has highlighted a defect in the k-e turbulence model which was not evident in the previous work on symmetric heating ( Morse and Ong (1992) ). The two situations differ because asymmetric heating imposes an axial temperature gradient across the core region of the flow. This requires accurate modelling of the high Reynolds number turbulence in the core in order to obtain the correct level of heat transfer from the hotter to the cooler disc. The defect in the model was traced to the radial-circumferential shear stress, v7/v. , which does not conform well to the simple constitutive relationship of Equation (2) in the core flow, leading to excessive turbulence generation. The discrepancies between prediction and experiment can be largely offset by the use of Equation (8), which was derived from algebraic-stress modelling with the retention of only the most significant production terms in the formal transport equations for v -w -, v2 and Irt72 . The efficacy of this approach depends closely on the pressure-scrambling model employed and also on the values of the associated numerical constants ( about which there is considerable diversity of opinion ). The significant improvement in accuracy obtained by the modification certainly justifies the modest ( approximately 4%) increase in Cpu time required for its implementation. Similar algebraic-stress modelling is not considered necessary for the other five components of the Reynoldsstress tensor, at least not for the present class of flow, but this is unlikely to remain the case for flows of greater complexity.
There appear to be three complicating physical factors which limit the ability of the computational procedure to portray the flow accurately, viz. fluid ingress through the shroud, vortex breakdown of the inlet jet and buoyancyinduced instability. All three of these phenomena attain extra significance at high rotational Reynolds numbers, and may be interrelated.
As regards buoyancy-induced instability, Pincombe (1983) correlated his flow visualisation data for the onset of oscillatory flow ( for 1.5 x 105 5 Ree 5 2.6 x 106 , 350 5 C w 5 1750) in terms of the axial Rossby number c z . For a downstream disc heated to give I3AT-0.27 and a shroud with thirty 28.6mm diameter holes, oscillatory flow occurred at ez = 0.9 and chaotic flow at cz = 0.5. For f3AT -0.14, oscillatory flow began at a lower value (e z = 0.7), while the onset of chaotic flow remained unchanged. For (30T= 0.1, there was no sign of either flow regime within the rotational speed limits of the experimental rig. With a peripheral shroud with thirty 6.4rnm diameter holes, the onset of oscillatory flow was unaffected, although the amplitude of the oscillations was attenuated: chaotic flow was not observed. These results suggest a dependence on the rotational Grashof number, an average value of Gr 1 /2/Cw of 155 being appropriate for the onset of oscillatory flow and 250 for chaotic flow. Note that these findings accord fairly well with those of Owen and Onur (1983) The extent to which buoyancy-induced instability can be divorced from the phenomena of fluid ingress and vortex breakdown is unclear. The size of the exit holes in the shroud does have some effect on the critical values of e z for unsteady flow, and, as shown in Pincombe's studies, is also clearly linked to ingress. It is believed that ingress occurs at rotational Reynolds numbers considerably lower than those which cause buoyancy-induced instability. Ingress is characterised by air being drawn into the cavity through holes in the shroud and penetrating to the source region via the reverse-flow regions of the Ekman layers. However, this (ingressive) air is just as likely to be heated fluid previously expelled from the cavity as it is to be cooler ambient fluid. It therefore seems improbable that ingress, in isolation, has a significant effect.
Pincombe also investigated the phenomenon of vortex breakdown in the central inlet jet (albeit for C w = 314 and isothermal flow) and found that spiral vortex breakdown (an axisymmetric precession of the jet about its rotational axis) occurred for cz 5 1.0. When ingress and spiral vortex breakdown occurred simultaneously, the flow became chaotic with the Ekman layer structure partly destroyedsmoke injected outside the cavity then appeared to penetrate 'almost instantaneously' to the source region. This behaviour is very similar to that attributed to buoyancy-induced instability as described above. The inlet jet appeared to regain its axisymmetry at lower values of the axial Rossby number (E, 5 0.3), resulting in axisymmetric vortex breakdown with intermittent stagnation on the axis of rotation. The chaotic flow associated with spiral vortex breakdown is likely to have a greater effect in limiting the predictive ability of the present approach than the more orderly axisymmetric mode of vortex breakdown. In both the current work and the symmetric-heating study of Morse and Ong (1992) , the predictions for C w = 2800 suffer an abrupt loss of accuracy at a critical value of c z in the range 0.25 -0.30, with a partial recovery for ez 5_ 0.2. These values are lower than found in Pincombe's study ( where the flow is essentially laminar ), but the occurrence of vortex breakdown and the interchange of mechanisms provides a plausible, if speculative, explanation for the discrepancies between prediction and experiment ( axial Rossby numbers of 0.3 are beyond the experimental range for Cw = 7000 and 14000). That the effect occurs for conditions of symmetric heating appears to signify that vortex breakdown and ingress are mechanisms at least as important as buoyancy-induced instability.
The poor predictive accuracy for the upstream disc at the opposite extreme of flow conditions (i.e., low values of Re e and high values of C, ) is puzzling, especially as the predicted values for the downstream disc are in good accord with experimental data. From previous studies of isothermal and symmetrically-heated flow, it is known that the turbulence model is less accurate under conditions for which the source region is large in extent, than under those for which Ekman layer flow occurs. Even so, for C w =14000 and values of Ree similar to those of Figs 5a and 5b, the predicted Nusselt numbers of Morse and Ong for the upstream disc in a symmetrically-heated cavity are lower than the measured values by only 20%. In this context, the predicted size of the vortex in the source region and its implications for the degree of flow entrainment into the boundary layer on the upstream disc can be seen to be of paramount importance, but the authors cannot as yet offer any firm explanation for the wholesale lack of agreement between the predicted and measured values of the Nusselt numbers for the upstream disc.
For intermediate values of C w and Ree, errors are also apparent, with both variations of the model, in the overestimated values of Nusselt number for the upstream disc at low radii. Similar errors did not occur in the studies of a symmetrically-heated cavity, so this suggests that the fault lies in the high turbulence Reynolds number form of the model, and not in the near-wall modelling. It can also be noted that typically one-third of the overshoot at the first fluxmeter location can be removed by imposing zero swirl at the cavity inlet, which may be a closer approximation to reality than the condition of a linearly-varying angular velocity as used here. ( Reduction of the initial degree of swirl leads to less rapid entrainment of the flow into the boundary layer on the upstream disc and consequently lower local Nusselt numbers for this disc in the source region.) Finally, the wisdom behind the use of the 'turbulence Prandtl number' concept as a simple interlinkage between the turbulent transport of heat and momentum is open to question in view of the anisotropic turbulent viscosity approach found necessary for the present flows.
CONCLUSIONS
A low Reynolds number k-e model has been used to predict convective heat transfer in an asymmetricallyheated rotating cavity, for which the extent of turbulent heat transport across the core region is an important consideration. The form of the model used previously for symmetric heating overestimates turbulence levels in the core flow leading to excessive heat transport, with the result, particularly at high rotational Reynolds numbers, that there is convective heat transfer to the upstream disc from the adjacent fluid -in direct contrast to experimental measurement. The error is traceable to the action of the radial-circumferential shear stress which produces unrealistically high rates of turbulence generation in the core. A modified version of the model, based on algebraicstress modelling, generally leads to improved accuracy.
Systematic errors remain, particularly for the upstream disc. The observed loss of accuracy for high rotational Reynolds numbers and low values of Cw seems likely to be a consequence of the three-dimensional and unsteady nature of the flow which prevails in practice. The exact mechanisms which cause this are at present unknown. At the opposite extreme of flow conditions, no explanation can be offered for the large discrepancy between prediction and experiment for the upstream disc.
The predicted Nusselt numbers for the downstream disc have a global accuracy of ±10%, notwithstanding larger errors at high rotational speeds. It is considered that this is probably sufficiently accurate for normal engineering design purposes. In an engine, the necessity to know the heat transfer for the cooler (in this case the upstream) disc would require some improvement in the predictive accuracy of the model. However, the present computations do serve as a standard against which further improvements in turbulence modelling and the use of more sophisticated computer codes can be assessed.
